Vitrification, a kinetic process of liquid solidification into glass, poses many potential benefits for tissue cryopreservation including indefinite storage, banking, and facilitation of tissue matching for transplantation. To date, however, successful rewarming of tissues vitrified in VS55, a cryoprotectant solution, can only be achieved by convective warming of small volumes on the order of 1 ml. Successful rewarming requires both uniform and fast rates to reduce thermal mechanical stress and cracks, and to prevent rewarming phase crystallization. We present a scalable nanowarming technology for 1-to 80-ml samples using radiofrequency-excited mesoporous silica-coated iron oxide nanoparticles in VS55. Advanced imaging including sweep imaging with Fourier transform and microcomputed tomography was used to verify loading and unloading of VS55 and nanoparticles and successful vitrification of porcine arteries. Nanowarming was then used to demonstrate uniform and rapid rewarming at >130°C/min in both physical (1 to 80 ml) and biological systems including human dermal fibroblast cells, porcine arteries and porcine aortic heart valve leaflet tissues (1 to 50 ml). Nanowarming yielded viability that matched control and/or exceeded gold standard convective warming in 1-to 50-ml systems, and improved viability compared to slow-warmed (crystallized) samples. Last, biomechanical testing displayed no significant biomechanical property changes in blood vessel length or elastic modulus after nanowarming compared to untreated fresh control porcine arteries. In aggregate, these results demonstrate new physical and biological evidence that nanowarming can improve the outcome of vitrified cryogenic storage of tissues in larger sample volumes.
INTRODUCTION
A major limitation of transplantation is the ischemic injury that tissue and organs sustain during the time between recovery from the donor and implantation in the recipient. The maximum tolerable organ preservation for transplantation by hypothermic storage is typically 4 hours for heart and lungs; 8 to 12 hours for liver, intestine, and pancreas; and up to 36 hours for kidney transplants (1) . In many cases, such limits actually prevent viable tissue or organs from reaching recipients. For instance, more than 60% of donor hearts and lungs are not used or transplanted partly because their maximum hypothermic preservation times have been exceeded (1) . Further, if only half of these discarded organs were transplanted, then it has been estimated that wait lists for these organs could be extinguished within 2 to 3 years (1) .
Cryopreservation and storage of biomaterials at low temperatures provide a potential revolution for tissue and organ recovery, allocation, and transplantation. At the very least, it would facilitate matching of donor and recipient tissues, increased geographic sharing, and better recipient preparation (1) . Ultimately, long-term tissue preservation would increase utilization, improve short-and long-term graft function, and increase overall patient survival at potentially lower costs. Many smaller systems, such as cells, can now be successfully preserved by cryopreservation (2, 3) or vitrification, an approach that converts liquid to glass (4) (5) (6) . However, in the case of larger systems such as tissues, cryopreservation in 1 to 4 M cryoprotective solutions often fails because of damage caused by ice crystal growth (7) (8) (9) , thereby adversely affecting transplantation (8, 10) . Nevertheless, with higher-concentration solutions (6 to 8 M), viable tissues and organs, such as rabbit kidneys, have been diffusion-or perfusionloaded, respectively, cooled, and stabilized in the vitreous "glassy" or "amorphous" state without ice crystal growth at vapor-phase nitrogen temperatures (−160°C) (8) (9) (10) .
Unfortunately, advances in tissue and organ cooling for cryopreservation have not been matched by similar advances in rewarming. Two technological barriers have proven difficult to overcome. First, the critical warming rates (CWRs) to avoid devitrification, the process of crystallization during warming, are typically an order of magnitude higher than the corresponding critical cooling rates (CCRs) (11) . CWR and CCR of common cryoprotectant (CPA) vitrification solutions are listed in table S1. Second, these rates need to be sufficiently uniform throughout the material to avoid large thermal gradients, which produce thermal stress that often drives fractures or cracks within the tissue if they exceed the strength of the material (the tensile strength of vitrified VS55 is 3.2 MPa) (12) . Whereas CWR and uniformity can be achieved by traditional convective warming in smaller 1-to 3-ml systems (8) , no approach currently works for larger systems up to 80 ml in volume.
Our study builds on previous low-volume physical (11) and theoretical work (13) to demonstrate that nanoparticle heating can improve tissue viability and prevent physical failure during warming after cryopreservation of larger volumes compared to the gold standard, convection. The ability of metallic nanoparticles to transduce radiofrequency (RF) and light energy for cancer therapy is already well established (14, 15) . For instance, iron oxide materials that heat by superparamagnetic or ferromagnetic mechanisms in RF fields have been championed (16) and have led to clinical trials for glioma and other tumors in Europe (15) . Here, we describe a new scalable technology termed "nanowarming" that uses iron oxide nanoparticle (IONP) heating physics for more uniform and rapid heating of larger-volume cryopreserved porcine arterial and heart valve tissues as a notable contribution to regenerative medicine.
RESULTS
Comparison of gold standard convection and nanowarming Convective rewarming of cryopreserved biomaterials remains the gold standard for small volumes (<3 ml) (8) . However, as the volume increases, convective warming cannot prevent physical failure due to crystallization and/or cracking during warming. Nanowarming is a scalable technique that can rewarm cell and tissue systems from 1 to 80 ml as shown in Fig. 1 . Biomaterials can be loaded with CPAs using existing methods for successful vitrification. The left panel in Fig.  1 depicts how thermal gradients and/or insufficient warming rates during convective warming can lead to failure in large volumes. In contrast, biological tissues are relatively transparent to alternating RF fields at hundreds of kilohertz but generate significant heating when the nanoparticles are coupled with the magnetic field ( Fig. 1,  right panel) . Then, the homogeneity in heating of cryopreserved biological tissues depends only on the distribution of nanoparticles.
Nanoparticle coating and colloidal stability Previously, we used RF-excited magnetic nanoparticles within 1-ml cylindrical vials to demonstrate the possibility of nanowarming in nonbiological systems with standard CPAs (11) . Nanowarming is dependent on heat generation from IONPs that can be excited in an RF field. Figure S1A explains the physics behind nanowarming, which relies on Brownian and Néelian relaxation for IONP heating. Nanoparticles are synthesized by coating a commercially available magnetic IONP with a mesoporous silica shell, followed by comodification of polyethylene glycol (PEG) and trimethoxysilane (TMS) as previously described and shown in Fig. 2A (17) .
Representative transmission electron microscopy (TEM) images demonstrate that uncoated IONPs are polydispersed and irregularly shaped with an average diameter of 12 nm, whereas mesoporous silicacoated IONPs (msIONPs) are relatively monodispersed with one to two iron oxide cores per particle and an average diameter of 50 nm ( Fig. 2A) . Figure 2B shows the process of msIONP production from the bare particle IONPs. Size distributions of IONPs and msIONPs are shown in Fig. 2C , whereas the detailed properties of IONPs and msIONPs are shown in Fig. 2D . In higher-concentration, half-VS55 and full-VS55 solutions, the PEG/TMS-coated msIONPs remain in solution, whereas uncoated IONPs fall out of solution after several hours (Fig. 2E) .
We used an inductive heating coil capable of creating internal heat generation of up to several megawatts per cubic meter in the vitrified material to analyze nanowarming in different sized systems. Throughout the text, we indicate the specific absorption rate (SAR) measured by watts per gram of Fe or watts per cubic meter in the nanowarmed material, as a measure of internal heat generation where 1 × SAR is equal to 160 W/g of Fe generated by 10 mg of Fe per milliliter of msIONP in VS55 operating at 20 kA/m and 360 kHz RF. Immediate heating of IONPs still in suspension can be as high as 250 W/g of Fe; however, once aggregated as shown in Fig. 2E , this can drop the SAR to only 125 W/g of Fe (18, 19) . One way to avoid aggregation is by improving colloidal stability, indicated by a large absolute z potential for msIONP (>|15| mV) (20) . Remaining in solution allows a consistent SAR of 160 W/g of Fe for msIONP, which was used for all further experiments (17) .
Nanowarming scale-up
The scale-up of the RF inductive heating coil and system from a 1-to 15-kW system is shown in fig. S1 (B to D). Specifically, the 1-ml, 1-cmdiameter, 2.5-turn coil for the 1-kW system was upgraded to an 80-ml, 5-cm-diameter, 4-turn coil for the 15-kW system. Whereas the frequency range is similar (100 to 400 kHz), the maximum commercially specified field strength is almost threefold higher (80 kA/m versus 25 kA/m), allowing a fourfold increase in SAR from the 1-kW to the 15-kW system. In general, samples ≤1 ml were rewarmed in a 1-kW system (cells, heart valve leaflets, and carotid artery rings), and samples ≥1 ml (artery segments) were rewarmed in a 15-kW system to benefit from higher volume capacity of the coil and maximum induced magnetic field intensity.
Characterization of CPA VS55 loading and vitrification To ensure vitrification, cells and tissues must be loaded with a CPA solution, such as VS55, before they are cooled sufficiently rapidly and uniformly to the glassy state to avoid crystallization or cracking. Finding the minimum time for complete loading is important to avoid unnecessary toxicity from the CPA. Thus, we studied VS55 permeation kinetics experimentally with microcomputed tomography (mCT) by modifying previous methods (21) . We first imaged dilutions of VS55 by mCT to establish a calibration of VS55 concentration to Hounsfield units (HU) (Fig. 3A, inset) , yielding 62 HU/M VS55. Then, we imaged VS55 permeation by diffusion into porcine carotid arteries at 4°C. We noted that tissue has a baseline of 80 HU (Fig. 3A, green dashed line) , whereas the baseline for saline is 0 HU. We used 24 hours to represent a fully loaded sample (Fig. 3A , red dashed line). As the loading requires several hours to complete, we characterized the loading kinetics at 18-min intervals via mCT. During the first 18 min, the HU jumped from 80 to 430 HU on the loaded edge of the tissue (center to edge of the yellow curve in Fig. 3A ). In contrast, at this same time (center of yellow curve), the VS55 had barely reached the center of the artery (100 versus baseline of 80 ± 10 HU). Identifying the centerline of the artery as 0.0 or 0.4 mm from either edge, we then calculated diffusivity to be roughly 1.9 × 10 −10 (m 2 /s) at 20°C. This value is consistent with previous CPA diffusivity measurements when accounting for temperature (21) .
After stepwise VS55 loading, we also used mCT to measure the success or failure of system vitrification. Ice crystallization yields a solid phase that is lower in density and HU than liquid or vitrified VS55. This will occur if the CCR of VS55 (2.5°C/min) is not achieved (table S2) . For instance, successful artery vitrification (Fig. 3B , bottom left) was achieved by cooling at 15°C/min with an annealing step as shown in Fig. 3C , resulting in 655 HU after 24 hours of VS55 loading. In contrast, cooling failures due to cracking or crystallization reduce HU to 585 and 450, respectively. Failure due to direct immersion into liquid nitrogen, yielding thermal gradients and ensuing stress that exceeds the yield stress of the system (table S2), is shown in Fig. 3B (middle). Cracks are distinguishable in the image as discontinuities in the artery wall (Fig. 3B, yellow arrow) . In addition, Fig. 3B (right) shows crystallization failure that is indicative of the crystalline phase versus amorphous phase. Figure 3D shows the nanowarming rate of 130°C/min, which far exceeds the CWR (table S2), applied to the successfully vitrified artery.
Limitations of gold standard convection and nanowarming Preliminary calculations revealed the limitations of convection warming and the ideal volume of interest for our nanowarming method. A simple one-dimensional (1D) conduction and thermal stress computational model with VS55 thermal properties in an infinite cylinder with variable radius was used to illustrate the limits of traditional convective warming ( Fig. 4 and table S2 ). Assuming the convective coefficient (h) varies between 10 and 1000 W/m 2 K and solving the spatially distributed cooling and warming within these cylinders, a CCR of ≥2.5°C/min was found to be achievable in a vial with a radius of ≤2.5 cm for h ≥ 10 W/m 2 K during cooling. However, the rates of warming achievable by convection are below the CWR of 50°C/min for vials with a radius of ≥0.5 cm. Thermal stress calculated on the basis of thermal gradients during nanowarming showed that the stress remained below the critical yield stress of the material for all radii. Convective rewarming, on the other hand, failed for vials >1 ml (radius, ≥0.5 cm), as shown in the modeling results in table S2. These findings have been verified by our measurements of success by nanowarming versus convective failure at 50 and 80 ml.
Nanowarming of cells and tissues
Before moving into larger tissue systems, a proof-of-principle nanowarming study on human dermal fibroblasts (HDFs) was performed. Here, the Hoechst-PI assay was used to assess successful CPA and msIONP loading, and various cooling and warming regimens ( fig. S2 ). First, biocompatibility of VS55 alone and with msIONP during loading was demonstrated; thereafter, the benefits of nanowarming over slow convection warming with respect to cell viability were demonstrated. Figure S2B shows that all viabilities remain high versus control, confirming minimal toxicity after VS55 loading. Further, the viability of HDFs exposed to VS55 and msIONP (10 mg of Fe per milliliter) was comparable to the cells that were only exposed to VS55 (P = 0.5264) and slightly lower than the ones that were kept in the culture medium (P = 0.04191) ( fig. S2C ). Figure S2E shows that cells, after nanowarming, are more viable than control cells in media alone (P = 0.0039), which was a higher viability than cells in VS55 on ice for the same exposure time (P < 0.001) and higher than slow warming on ice (P < 0.0001). Furthermore, RF exposure alone had no significant effect on viability of the cells.
Next, we measured the viability of nanowarmed and gold standard fast convective-warmed porcine carotid arteries at 1 and 50 ml. No significant viability changes were noted after VS55 loading steps with or without msIONPs (Fig. 5A, top) . After vitrification and heating, the viabilities obtained via nanowarming, fast convective rewarming (~90°C/min), and slow warming (~7°C/min) are shown in Fig. 5A (bottom) using the resazurin (alamarBlue) assay as previously reported (8, 22) . In the 1-ml system, the viability of nanowarmed sample showed no statistical difference from the fresh control sample (P = 0.0835) and was comparable to fast convective warming (P = 0.8767). The slow-warmed sample showed a~68% decline of viability compared to fresh control, presumably due to devitrification (P < 0.0001). Further, intermediate convective rewarming on ice (~40°C/min) also proved to be~16% less effective than nanowarming (P = 0.0482) ( fig. S3 ). The viability data from these plots and others are listed and statistically compared in tables S3 and S4.
The viability data are further supported by hematoxylin and eosin (H&E)-stained and terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end labeling (TUNEL)-stained histology (Fig. 5, B and C) . The nanowarmed artery smooth muscle cells in the media showed well-defined normal nuclear morphology and structure. In contrast, the slowly warmed devitrified tissues appeared disrupted, presumably by ice crystals, with shrunken nuclei and condensed chromatin, presumably due to osmotic dehydration during extracellular ice formation. Quantitative and qualitative measurement of the histology demonstrated that nanowarmed samples remained statistically similar to control. The nanowarmed samples had 2 ± 0.3% tissue white space, whereas fast convective heating samples showed 6 ± 2%, both with no statistical difference from control in the 1-ml system (P = 0.09 for nanowarmed, P = 0.34 for convective) ( fig. S4 ). The "white space" is indicative of ice crystal disruption and damage as shown particularly in the slow-warmed devitrified samples with 31 ± 1% white space (P < 0.001) (8) . A further TUNEL stain of these tissues showed that nanowarmed arteries remained comparable to control with few if any damaged cells, whereas slow-warmed tissues had considerable DNA damage, suggesting most cells were entering a cell death pathway (Fig. 5C ). Although the arteries tested here are only 1 to 2 mm thick, we estimated, through simulation, that the SAR available can heat up to 4-mm-thick arteries if nanoparticles are deployed in the lumen and around the artery ( fig. S5) In the larger 50-ml systems, shown as patterned bars in Fig. 5 (bottom), the viability of nanowarmed artery was higher than the convectively thawed sample (86 ± 3% versus 20 ± 6 %, P < 0.0001). Although the viability of the 50-ml nanowarmed sample was slightly lower than the control (P = 0.0275), it was comparable to the viability of arteries nanowarmed in the 1-ml system (P = 0.9996). Convective failure was likely due to the low warming rates (<24°C/min) and high gradients measured between the center and edge of the 50 ml-system ( fig. S6 ), a thermal history that favors devitrification, cracking, and lower viability. The lower viability by convection was comparable to the slow-warmed 1-ml sample (P = 0.4816; Fig. 5A, bottom) , which likely devitrified. Similar results were observed when porcine heart valve leaflets ( fig. S7 ) and femoral arteries (fig. S8) were vitrified and nanowarmed. Similarly, during nanowarming of 80-ml systems without arteries (physical study), rates of 112°C/min were achieved, far above the CWR needed (table S1) and comparable to the rate achieved in the 50-ml system, which resulted in only 0.25 MPa, which is far below the yield stress. On the other hand, during convective warming, the center warming rate (>15°C/ min) was much slower than both the edge and the CWR for VS55, leading to both devitrification and a thermal stress in excess of the yield stress ( fig. S9 ). In sum, these results indicate that nanowarming technology matches gold standard convective warming of smaller systems and is capable of biological scale-up of up to 50 ml and physical scaleup of up to 80 ml, whereas fast convective rewarming fails at both 50 and 80 ml.
Nanoparticle washout
An important question after loading arteries with msIONPs is whether the particles can be washed out of the tissue before further testing or use. The high sensitivity of magnetic resonance imaging (MRI) to the presence of IONPs makes it ideal for detecting the presence of remaining msIONPs after washout. Gradient echo (GRE) imaging sequences are sensitive to low concentrations (<0.1 mg of Fe per milliliter) of IONPs (23) . At concentrations above 0.01 mg of Fe per milliliter, IONPs produce negative contrast in GRE through signal voids that make it impossible to obtain iron quantification. However, sweep imaging with Fourier transform (SWIFT) MRI has recently been demonstrated to quantify IONP concentrations up to 3.0 mg of Fe per milliliter (17, 23) . The combination of GRE and SWIFT imaging is therefore ideal to assess the uptake of IONPs during incubation with msIONPs and after washout. Figure 6 shows a comparison experiment with a porcine artery loaded with msIONPs (1.0 mg of Fe per milliliter) and a control artery without msIONPs, exposed to full-strength VS55 at room temperature. At 4 and 24 hours, we observed msIONPs within the lumen of the loaded artery as negative and positive contrast for GRE and SWIFT images, respectively. In the post-washout images, a loss of this contrast within the previously loaded arteries was observed. Furthermore, there was no visible difference in the SWIFT R 1 of the artery wall in the 4-and 24-hour time steps and postwashout images.
Biomechanical assessment
Stress-strain curves were acquired to examine the impact of nanowarming on tissue biomechanics (Fig. 7A) . A representative stress-strain curve is shown in Fig. 7B . Once nanowarmed, the tissue's biomechanical parameters remained unchanged from fast convective warming (1 ml) and control, whereas the slow-warmed samples showed a lower elastic modulus and toe region and longer initial length (Fig. 7C and tables S3 and S4). No statistically significant weight gain or loss was measured from any of the treatments (fig. S10 ). We noted a reduction in biomechanical parameters for slow-warmed samples that corresponded with structural change and possible delamination as shown in the histology (Fig. 5B, slow warmed) .
DISCUSSION
Cryopreservation is one of the few technologies for long-term storage of biomaterials (1) (2) (3) . Of the cryopreservation approaches available, vitrification is an increasingly attractive approach that allows ice-free storage of biomaterials, potentially indefinitely. Vitrification has successfully preserved embryos, oocytes, and stem cells (4-6). Unfortunately, at the tissue level, rates of cooling and warming in excess of 10°and 80°C/min, respectively, are only feasible in volumes of ≤3 ml at vitrification solution concentrations of 6 to 8 M, as reported by others (22) and shown in table S2. In short, convective cooling of VS55 can achieve vitrification in volumes larger than 1 ml; however, only fast convective warming of ≤3-ml VS55 vials is predicted to be successful without failure. Thus, although we can vitrify and occasionally rewarm roughly 15 g of rabbit kidneys (10), and we can physically vitrify and rewarm in 80-ml systems, we do not have the technology to reproducibly rewarm these systems at sufficiently quick and uniform rates to avoid failure by devitrification and/or cracking using convection alone.
The nanowarming technology demonstrated here couples inductive low-RF-alternating magnetic fields with biocompatible msIONPs to create sufficient heating within 1-to 80-ml samples to uniformly exceed the CWR in VS55 systems. Specifically, nanowarming allows alternating magnetic fields to uniformly penetrate tissues with negligible attenuation and specific coupling to msIONPs deployed within the vitrification solution, as previously demonstrated in a purely physical study (11) . This differs from previous attempts to rewarm bulk tissues with RF electric field warming where coupling of the electric fields to the tissue with variable dielectric properties can lead to hotspots and a thermal runaway (11) . Fortunately, recent advances in production of biocompatible msIONPs with robust SAR in complex electrolyte solutions, protein media, and biological tissues (17) , along with the availability of larger inductive RF systems (24) , now allow nanowarming to transition from a physical (1 ml) (11) to a biological and functional demonstration in 1-to 50-ml volumes. We have now demonstrated the benefits of nanowarming on numerous biological systems including HDF cells, porcine carotid arteries, porcine heart valves, and porcine femoral arteries in 1-and 50-ml systems. We have also demonstrated a physical scale-up in up to 50-and 80-ml systems.
Although, nanoparticles are reported to affect the behavior of devitrification and recrystallization of CPAs (25) , these effects are typically at very low concentrations of solute as opposed to very high concentrations used in our approach. We have previously performed differential scanning calorimetry on these solutions and found no difference in the thermal properties including nucleation in VS55 alone and with IONPs (11). Moreover, the low frequency of these fields (100 to 400 kHz) . The striped bars represent viability of fresh samples normalized to control (black control, 100%), samples that were maintained on ice for the same period of time (1 to 2 hours) (red, 89 ± 2%), samples that were exposed to VS55 (blue, 100 ± 1.4%), or samples that were exposed to VS55 and 10 mg of Fe per milliliter of msIONP (brown, 128 ± 19%). The bottom plot shows the artery viabilities after nanowarming (solid purple, 1 ml: 87 ± 10%; patterned purple, 50 ml: 86 ± 3%), fast convective heating (solid green, 1 ml: 82 ± 10%; patterned green, 50 ml: 20 ± 6%), and slow warming (pink, 1 ml: 28 ± 9%). In 1 ml, the nanowarmed sample viability is comparable to the fresh control, and the slow-warmed sample showed a decline of viability compared to the fresh control (P < 0.0001). In 50 ml, the nanowarmed sample viability is slightly lower than the fresh control (P = 0.0275) but comparable to the nanowarmed sample in 1 ml (P = 0.9996). The fast convective-warmed sample viability is significantly reduced in 50 ml (P < 0.0001). The statistical analyses of multiple comparisons of other possible conditions are included in table S4. N = 3 to 6 for both 1-and 50-ml systems; n = 4 to 7 in the 1-ml system; n = 3 to 5 in the 50-ml system. N = number of pigs; n = number of arteries. (B) Histological images of H&E-stained control and nanowarmed, convective-warmed (1 ml), and slow-warmed arteries. Scale bars, 60 mm. Normalized tissue white space compared to control, 2 ± 0.3%, P = 0.09 for nanowarmed samples, 31 ± 1%, P < 0.0001 for slow-warmed convective samples. See also fig. S3 . (C) TUNEL-stained images corresponding to the same histology samples in (B). All data are presented as the means ± SD.
is biocompatible (26) and confirmed by the viability test of HDFs in the operating RF coil. Finally, modeling suggests that a future benefit of nanowarming can be the proactive design and implementation of nonlinear warming rates and annealing step(s), thereby reducing or compensating for thermal stress buildup from cooling or warming that otherwise would lead to crack failure in bulk vitrified systems (13) .
To take full advantage of nanowarming, loading of both the CPA and the msIONPs into the tissue without toxicity is required. The literature shows that VS55 and M22 can be loaded into tissues and organs without significant toxicity by using careful multistep protocols at low temperatures (8, 10, 27) . Following one such protocol demonstrated negligible toxicity in cells and tissues (porcine arteries and heart valve leaflets) as shown in Fig. 5 and fig. S5 and reported previously (22) . Further, we showed that the addition of 1 to 10 mg of Fe per milliliter of VS55 had no further impact on viability (P < 0.05). In addition, previous data demonstrated that the msIONPs are nontoxic when cultured with HDF over time at a low concentration (0.07 mg of Fe per milliliter) (17) , and when injected at a higher concentration (20 mg of Fe per milliliter in 200 ml) intravenously into mice (28) . This biocompatibility is due to both the mesoporous silica coating and the PEG bound to it as described previously (17) . We also demonstrated the ability of VS55 to load and vitrify these tissues using mCT based on HU measurement. Finally, by using several MRI sequences, we monitored both the loading and unloading of msIONPs in a porcine carotid artery as shown in Fig. 6 and reported previously for other systems (23) .
To show the potential of nanowarming, we used several tissues and volume systems from 1 to 80 ml. We began with porcine carotid arteries and heart valves and established that we could match the viability and biomechanical assessments from gold standard fast convective warming in 1-ml systems. We demonstrated nanowarming success and convective failure for artery systems vitrified in 50-ml systems. Finally, we demonstrated physical nanowarming at 120°C/ min in both 50-and 80-ml systems, where the convective approach failed because of cracking and devitrification. For instance, during nanowarming of 50-ml systems, warming rates of ≥130°C/min and stress of only 0.26 MPa (<s yield = 3.2 MPa) allow warming without devitrification and cracking ( fig. S6, B and F) . On the other hand, during convective warming, rates in the center are <25°C/min ( fig. S6C) , which is lower than the CWR for VS55 and will result in devitrification (table S1) . Further, thermal gradients between the center and edge of the vial yield thermal stress roughly at the yield stress (3.16 MPa), which can potentially result in cracking ( fig. S6D ). Not surprisingly, the nanowarmed sample did not devitrify or crack, whereas the convectively rewarmed sample both crystallized and cracked. These cooling and warming rates match well with the modeling predictions in table S2 and Fig. 4 . In short, nanowarming matches fast convective warming viability and biomechanical testing at 1 ml, is superior to convective warming at 50 ml, and is physically scalable to 80-ml systems.
In the future, we believe that nanowarming can be applied to larger tissues and organs up to volumes of 1 liter and possibly beyond. These larger volumes will require introduction Fig. 7 . Nanowarming maintains biomechanical properties of porcine carotid arteries. Arterial rings tested were taken from control (fresh artery) or from tissue that had been vitrified and convectively rewarmed, nanowarmed, or slow warmed. (A) Schematic illustrating how the biomechanical testing was conducted. Arteries were pulled in circumferential direction at a rate of 2 mm/min. The stress and strain were calculated by the equations shown in the figure, where F is the force measured at time t, A 0 is the initial cross-sectional area of the artery ring, L 0 is the initial length of the artery, and L(t) is the displacement at time t. (B) Representative stress-strain curve. Elastic modulus is defined as the slope of linear region of the stress-strain curve. The toe region is defined as the x intercept of the stress-strain curve. (C) Biomechanical properties of the rewarmed samples compared with fresh controls. All biomechanical properties of the rewarmed samples were normalized to control, which are fresh artery rings dissected from the same carotid artery to minimize the variances between the donor pigs. Red bars represent nanowarmed samples (elastic modulus, 98 ± 13%; toe region, 93 ± 11%; L 0 = 102 ± 7%), yellow bars represent convective-warmed samples (elastic modulus, 94 ± 13%; toe region, 90 ± 15%; L 0 = 99 ± 2%), and blue bars represent slow-warmed samples (elastic modulus, 71 ± 5%, toe region, 68 ± 16%; L 0 = 120 ± 6%). All data are presented as the means ± SD from n = 4 to 7 samples from N = 2 pigs for each condition. Comparing to the control, the elastic modulus and toe region are declined (***P < 0.001) and the L 0 is increased (**P = 0.0042) in the slow warmed samples. Fig. 6 . Nanoparticle washout from porcine carotid arteries. Schematic and photograph of arteries loaded with 1.0 mg of Fe per milliliter of msIONP compared to control (no msIONPs) in VS55 at room temperature during loading and washout (N = 2, n = 2). GRE and SWIFT MR images were acquired, and the R 1 map was generated from the SWIFT data. The color bar indicates the R 1 in 1/s. Images were taken at 4 and 24 hours after msIONP loading and after washout.
of the nanoparticles directly into the tissue by perfusion to distribute the heat generation sufficiently. This can be advanced through modification of existing perfusion methods, such as those already in existence for kidneys (10) . Other new approaches suggest that livers can be perfused with CPA and be preconditioned to better withstand hypothermic preservation (29) . However, during perfusion, only the vascular space, which constitutes roughly 10% of most tissues, will be available to these nanoparticles. Nevertheless, 4 mg of Fe per milliliter of msIONPs in M22 is able to warm at 55°C/min, which far exceeds its CWR. Because rabbit kidneys have been successfully vitrified with loaded M22 (10), and we have demonstrated physical nanowarming to 80 ml, we believe that consistent nanowarming of rabbit kidneys with retention of function should be feasible. Further, an 80-ml system should also be sufficient for human liver cores that could greatly improve throughput for existing cryopreservation methods of precision-cut liver slices (30) .
To contemplate further scale-up to vascularized composite allografts or whole livers, coil systems ≥1 liter will be needed (1). Systems with power as high as 150 kW are commercially available to drive such coils (Fluxtrol). However, as these coils increase in size, so will the eddy currents-the nonhomogeneity in the fields-which can rise above 10% of the desired SAR in 80-ml vials with a radius of ≥2.5 cm. Although this suggests nonuniformity in heating radially, it also suggests an opportunity to engineer the heating by the addition of msIONPs to the organ, and reduced msIONPs-more eddy current heating-in the surrounding system. Further efforts to model the nanowarming process to account for these effects and ensuing thermal stress are underway (13) . With continued breakthroughs in preconditioning and/or postconditioning of organs (29), improved perfusion and vitrification protocols (10) , and other enabling technologies that are being brought to bear to successfully vitrify human organs (1), we believe that nanowarming can converge with and enable these technologies to help make organ cryopreservation a reality.
MATERIALS AND METHODS

Study design
The objective of this study was to evaluate the efficacy of nanowarming technology as a method of tissue rewarming after vitrification compared to the gold standard, convective rewarming. We first nanowarmed HDF cells as a proof of principle and then extended our evaluation to two cardiovascular tissue models, porcine artery and aortic heart valve leaflet tissues in 1-and 50-ml systems. We demonstrated physical scale-up without tissue cracking or devitrification failure in up to 80-ml systems of CPA solution VS55. This scale-up of tissue cryopreservation allows larger systems to be cryopreserved, and it is a critical and necessary first step toward future perfused tissue and organ work. Replicate numbers of each experiment are included in the figure captions. Tissues were randomized from N pigs and n vessels or tissues in total. The histology images were qualitatively ranked by a pathologist blinded to the study. Outliers, such as samples that cracked because of exterior mechanical stress-for example, due to manipulation with tweezers-were not considered within the data. Primary data are reported in table S5.
Nanoparticle and VS55 synthesis
The synthesis of msIONPs follows our previous work where a mesoporous silica coating is synthesized around a core of IONPs (EMG308, Ferrotec) (17) . VS55 is an 8.4 M cryopreservation solution of 2.2 M propylene glycol (Sigma-Aldrich), 3.1 M formamide (Sigma-Aldrich), and 3.1 M dimethyl sulfoxide (Sigma-Aldrich) in Euro-Collins solution made in the laboratory (8) .
RF inductive rewarming
The vitrified samples were heated in 1-kW Hotshot inductive heating systems with 2.75-turn, water-cooled copper coil (Ameritherm Inc.) or a 15-kW custom-built system (Fluxtrol) as shown in Fig. 4A, fig. S1 , and the Supplementary Materials. The 1-kW system was operated at a magnetic field of 20 kA/m (peak, volume-averaged field strength) and 360 kHz (11) . Higher fields up to 60 kA/m at 175 kHz were achieved on the 15-kW system as shown in fig. S1 . Nanowarming rates from samples of interest were subtracted from controls (no msIONPs) to estimate the heating rate and SAR by the temperature rise method as previously reported (11) .
mCT imaging Samples were first scanned in a mCT imaging system (NIKON XT H 225), reconstructed to correct for beam hardening and to improve accuracy (3D CT pro, Nikon Metrology), imported as unsigned 16-bit float images and post-processed (VGstudio Max 2.2), and finally analyzed with ImageJ Fiji (open source). Diffusion of VS55 into the artery wall at room temperature was measured at 10 time points, roughly every 18 min, over 3 hours in two representative porcine arteries. A medium resolution scan of 60-mm pixel size yielding 15 data points across the 0.9-mm arterial wall of one artery was used for the image acquisition. Separate arteries (n = 3 per case) were assessed for vitrification success or failure.
Tissue toxicity and nanowarming assessments Porcine tissues were procured from male and female skeletally immature domestic Yorkshire cross farm pigs (65 to 80 kg, aged 16 to 18 weeks) postmortem from a meat-processing plant (Burbage Meats). The arteries were removed within 30 min of death following independent Institutional Animal Care and Use Committee (IACUC)-approved research protocols by the local IACUC at the Medical University of South Carolina and University of Minnesota. All tissues used were considered bonafide excess; thus, no animals were specifically euthanized for this research. Tissues were transported in a laboratory-made KrebsHenseleit buffer to our laboratory. Fresh artery segments were rinsed with growth media [Dulbecco's modified Eagle's medium (Thermo Fisher) with 1% antibiotic-antimycotic (Thermo Fisher)] and cleared of fatty tissue. For the 1-ml system, artery segments were sectioned into artery rings of the following reproducible dimensions: inner diameter, 3 to 4 mm, wall thickness, 1 to 2 mm, length, 3 to 5 mm. In the 50-ml experiments, carotid artery segments with the same inner diameters and thickness as in the 1-ml system were used except with longer length (7 to 10 cm).
In 1-ml experiments, the artery rings were incubated with 10% alamarBlue (Thermo Fisher) media solution at 37°C for 3 hours before any rewarming experiments. Fluorescence was read on a plate reader (Synergy HT, BioTek) at 590 nm from an aliquot of the media to establish a baseline. The tissues were loaded after a previously published protocol (22) . After the VS55 loading, on the last step (VS55 full-strength exposure), the tissues were placed in 1 ml of 10 mg of Fe per milliliter of msIONP VS55 suspension and exposed to cooling and rewarming procedures. All samples were successfully vitrified and stored in a liquid nitrogen storage dewar overnight (19 to 22 hours). Different rewarming procedures were attempted: nanowarming (20 kA/m, 360 kHz), fast convective warming (37°C water bath immersion, which is the gold standard), intermediate rewarming on ice, and slow rewarming in a 6-cm cube of Styrofoam modified by drilling a hole for our 1-ml vial. After the removal of the VS55, the posttreatment tissues were incubated with alamarBlue. The viability of each tissue piece was calculated by comparing the fluorescence readings before and after cooling and rewarming and normalized to fresh control. Further cell damage and morphological, structural, and DNA damage after cooling/rewarming were assessed by H&E and TUNEL stain. The histology samples were prepared immediately after removal of msIONPs and VS55. In 50-ml experiments, the control artery sections were incubated with 10% alamarBlue media solution at 37°C for 3 hours to obtain fresh untreated control viability. The tissues were loaded in steps as shown in fig S9. The nanowarming was achieved by using a 15-kW RF system at 60 KA/m and 175 kHz. After the removal of the VS55 and msIONPs, the posttreatment tissues were sectioned into small pieces and incubated with fresh media at 37°C for 1 hour and then incubated with 10% alamarBlue for 3 hours. The viability of each tissue piece was calculated as in the 1-ml system.
MR-SWIFT imaging
All MR images were acquired on a 9.4-T 31-cm MRI scanner (Agilent Technologies) with software designed for preclinical MRI research (VnmrJ, Agilent Technologies). A custom three-loop volume coil was used. Both 3D multiband SWIFT (MB-SWIFT) and 3D GRE images were acquired (23) . MRI was performed at 4 and 24 hours after loading and then unloading msIONPs from the lumen of an artery. The detailed methods are given in the Supplementary Materials and closely follow previous protocols (23) .
Biomechanical testing of arteries
Porcine artery rings, which underwent the freezing and thawing procedures, were compared with measurements from fresh control artery rings to minimize the variance between tissues. Uniaxial tensile tests of artery rings were performed within 2 hours after rewarming and unloading of the artery rings on an MTS Micro-Bionix testing machine (MTS Systems), using a previously reported protocol (31) . The biomechanical response was quantified by toe region and elastic modulus that was obtained from stress-strain curves as previously described on preconditioned samples (31) .
Thermal and mechanical response in cylindrical systems
We modeled the heat transfer using the energy equation below to calculate the temperature response in a 1D infinite cylinder with variable radius from 0.5 to 2.5 cm as shown in Fig. 4 :
All boundary conditions and parameters for this analysis are listed in the Supplementary Materials with specific results reported in table S2.
For calculation of thermal stress, the maximum temperature difference between the centerline and the edge of the cylinder, DT max , is considered below the so-called set temperature of VS55 (−105°C). This temperature gradient in turn produces thermal stress, which was approximated on the basis of a simplified "thermal shock equation" (below), following (12) and described further in table S2:
where s T is the thermal stress, g is a geometric coefficient (0.5 for cylindrical geometry), E is the modulus of elasticity (estimated at 1 GPa), b is the linear coefficient of thermal expansion, n is the Poisson's ratio, and DT is the thermal gradient from the heat transfer calculation. All parameters for this analysis are listed in Supplementary Materials and Methods with specific results reported in table S2.
Statistical analysis
All the viability, biomechanical, and histology (white space) analysis data were normalized to controls. These data are reported in the figure captions, and all possible multiple comparisons are shown in tables S3 and S4. For brevity, the P values, but not the numerical data values, are reported in the results, although numerical data and error bars are given in the captions. Statistical significance and exact P values are reported in table S4 and some of the figure captions. In general, statistical significance compared with fresh samples in the figures themselves is indicated with asterisks: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. The data are presented as the means with SD. The one-way analysis of variance (ANOVA) with Tukey's multiple-comparison tests (GraphPad Prism, GraphPad Software Inc.) was performed on control and treated samples' viability and biomechanical properties under different conditions. Two-tailed t test was performed on the analysis of area in histology images.
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